In the organic charge transfer salt κ-(BETS) 2 Mn[N(CN) 2 ] 3 the metallic conductivity is provided by itinerant π-electrons in the layers of BETS molecules, whereas magnetization is largely dominated by the localized d-electrons of the Mn 2+ ions in the insulating anionic layers. We study magnetic properties of the compound in its low-temperature, Mott-insulating state by means of magnetic torque technique. The complex behavior of the torque can be qualitatively explained by the coexistence of two weakly interacting magnetic subsystems associated with paramagnetic d-electron spins and antiferromagnetically ordered π-electron spins, respectively. Based on the experimental data, we determine the principal axes of magnetization of the Mn 2+ sublattice and propose a qualitative model for the π-electron spin arrangement, implying an important role of the Dzyaloshinskii-Moriya interaction.
I. INTRODUCTION II. EXPERIMENTAL
The crystal structure of κ-(BETS) 2 Mn[N(CN) 2 ] 3 is monoclinic; the space group is P 2 1 /c and the lattice constants at 15 K are: a = 19.421Å, b = 8.346Å, c = 11.830Å, β=92.90
• , V =1915.0Å 3 , and ρ = 2.424 g/cm 3 , with two formula units per unit cell [2] . The conducting layers are formed by BETS dimers in the bc-plane and sandwiched between the polymeric Mn[N(CN) 2 ] − 3 anion layers in the a direction. The crystal growth procedure and details of the structure have been reported elsewhere [1, 2] . Results of the magnetization measurements have been reported previously [18] .
The sample was a 40 µg thin-plate single crystal of ∼ 0.7 × 0.3 × 0.08 mm 3 size, with the largest dimensions along the conducting BETS layers (crystallographic bc-plane). Magnetic torque was measured in fields up to 15 T with a homemade cantilever beam torquemeter described in [20] . The cantilever was made of 50 µm thick as-rolled beryllium-copper foil.
The torque was determined from the change of the capacitance between the cantilever disc, to which the sample is attached, and the ground plate. The capacitance was measured using a tunable capacitance bridge. The maximum torque of the cantilever produced by the gravity force (in zero applied field) was 1.16 × 10 −7 N·m, this value was used to convert the measured changes in capacitance to the units of torque. The torquemeter was attached to a rotation stage whose rotation axis was perpendicular to both the external magnetic field and the working plane of the cantilever. In this geometry, the component of the torque along the rotation axis is measured. There are several notable features in Fig. 1 , which will be discussed below:
III. RESULTS

Panels (a)
(i) At high fields (µ 0 H > 10 T) the torque becomes constant in field;
(ii) For the angles where the high-field torque is small, see, e.g. the θ = 22
• curve for τ b in angle θ between the field direction and a * , the normal to the crystallographic bc-plane. Fig. 1(a) or the θ = −6
• curve for τ c in Fig. 1(b) , the torque is nonmonotonic in the range between ≃ 2.5 and 7.5 T;
(iii) At some angles τ c , τ d and τ ⊥d demonstrate a steplike feature ("kink") at fields 7-10 T. Figure 2 shows the kinks in more details. No such kinks have been detected for τ b at any θ.
Features (ii) and (iii) vanish as the temperature is increased above T MI : the kinks disappear [18] , the field dependence becomes monotonic and gradually acquires the simple parabolic form usual for an anisotropic paramagnet at µ B B ≪ k B T (where µ B is the Bohr magneton and k B is the Boltzmann constant). Therefore, these features must be associated with the low-temperature insulating state with antiferromagnetically ordered π-electron spins.
On the other hand, the field directions where the high-field torque is zero µ 0 H = 15 T, e.g. θ ≃ 22 Fig. 1(a) , or θ ≃ −6
• ± 90
• for τ c , Fig. 1(b) , are at T = 1.5 K, the same as at high temperatures (T > T MI ) within the experimental accuracy ±0.5
• . This means that the principal axes of the high-field magnetization above and below T MI coincide.
IV. DISCUSSION
The absolute values of torque in Fig. 1 are more than an order of magnitude higher than in the structurally similar but free of magnetic ions charge-transfer salt κ-(BEDT- [21] . In turn, the kinks have been related to the antiferromagnetically ordered π-electron spins [18] . In what follows we characterize the phenomena associated with each spin subsystem separately and address implications of their interaction.
A. General expressions for the magnetic torque.
The magnetic torque is expressed as
where V is the volume of the sample, M is the sample magnetization and B = µ 0 H + µ 0 M is the magnetic field. Let us neglect for a while the ramifications due to the sample shape (that will be discussed below) and assume the sample is a sphere. In that case
Consider first the high-temperature, low-field limit, µ B B ≪ k B T . Assuming the field in the (XY ) plane where X and Y are the magnetization principal axes,
and the susceptibility tensorχ
one obtains the magnetization:
and the torque
, where
which gives a quadratic in H behavior of the torque at low fields/high temperatures, consistent with the experiment at µ 0 H < 2 T, see Fig. 1 .
In the high-field, low-temperature regime, µ B H ≫ k B T , the linear field dependence given by Eq. (5) is no more valid. The magnetization of a paramagnet saturates, and in a system with an isotropic g-factor the effect of changing H reduces to a change of the angle between the magnetization vector and the field direction. In that case the axial anisotropy follows a H −2 law [22] , so that at H → ∞ the torque asymptotically approaches a constant value modulated by a sin 2θ angular dependence. This behavior of the torque is indeed observed in our experiment, as is seen in Fig. 1 for µ 0 H > 10 T.
However, the nonmonotonic field dependence of torque observed in the range 2.5-7.5 T and the kink features cannot be described within the model of an anisotropic paramagnet but arise apparently due to the AF-ordered spins of the π-electron subsystem, as discussed below.
B. Principal axes of magnetization.
We now proceed to determining directions of the principal axes of the magnetization in with the paramters τ max and θ 0 listed in Table I . For the practical reasons which will become clear below, it is more convenient to present this dependence in the form:
where α = −τ max sin 2θ 0 and β = τ max cos 2θ 0 .
In order to analyze the experimental results, we introduce the coordinate system {x, y, z}, where x is parallel to a * while y and z coincide with crystallographic b-and c-axes, respectively. The rotation axis vector is given by R = [0, − cos φ, sin φ], where φ is the angle between the rotation axis and the −b direction. The values of φ for the four reported rotations are listed in Table I .
As mentioned above, at high field the linearity between M and H in the form of Eq. (5) is no more valid. In order to calculate the magnetization direction in this case, instead of the susceptibility tensorχ we introduce tensorξ of the directional cosines between M and
where
is the applied field unit vector. In the H → ∞ limit M aligns with H, so that (ξ · h) · h = 1. Then, since the torque at high field is known to have a K sin 2θ dependence where K is a constant [22] , instead of using by Eq. (2) we express the torque as
The torque component along the rotation axis, which is measured in the experiment, is
For the four rotation axes used in the experiment we obtain:
In fact, a detailed inspection of the sample orientation for the c-axis rotation has revealed that the real direction of c-axis was slightly (by ∼ 4 • ) tilted from the direction of the rotation axis, and the correct value for φ was 94
• . Taking this into account, we obtain the corrected value for τ c :
Equating the fit parameters α and β listed in Table I 
The magnetization principal axes are the eigenvectors of this matrix:
The xz-plane of the magnetization principal axes coincides with the ac-plane of the crystal, which is quite reasonable since it is the mirror plane of the crystal structure. The X vector is directed at
24
• from the a * direction in the ac-plane.
As it was mentioned above, at high temperatures the directions of the field where the torque vanishes, are the same as at T = 1.5 K, µ 0 H = 15 T (Fig. 3) . This implies that the obtained orientations of the principal axes of the magnetization are inherent to the Mn 2+ spin system and do not change at the metal-insulator transition.
C. Angular and Field dependence of the kinks.
As one can see in Figs. 1 Figure 4 shows the dependence of the kink position H kink on the polar angle θ for the three above-mentioned rotation axes.
Thus, the following conditions should be satisfied in order to observe the kink:
• there must be a sufficiently large field component along a * ;
• there must be a component of the field along [010] (the b-axis);
• as mentioned above, the temperature must be below T MI .
A very detailed description of the spin arrangement and field-induced spin reorienta- which has a structure similar to the present compound and undergoes an AF transition below T N = 27 K, has been given in [23, 24] . The key concept is that in an AF system with a low symmetry of the underlying crystal structure, the two magnetic sublattices M 1 and M 2 do not arrange strictly antiparallel along the easy axis but form a canted antiferromagnetic (CAF) order due to the Dzyaloshinskii-Moriya (DM) interaction [25, 26] . Following the notations of Ref. 24 , we introduce the ferromagnetic and staggered magnetization vectors, which are expressed through the magnetization vectors of the magnetic sublattices as: 
the isotropic exchange energy
the anisotropic exchange energy
and the DM term
where A and K a are, respectively, the isotropic and anisotropic exchange constants, k the unit vector along the anisotropic exchange easy axis, and D the DM vector. E z is minimized when M F H, and Based on these considerations, one can propose a scheme of the SR transition responsible for the kink feature in the field-dependent torque. At zero field the AF sublattice moments are arranged as follows: M F is along the b-axis and M S k S is in the ac-plane at some angle from D, as shown in Fig. 6(a) .
As the magnetic field is applied with a strong enough component along M S , so that • with a * . Therefore, it is likely that k S is at some small angle from a * in the (a, −c) quadrant, as shown schematically in Fig. 6 .
The suggested model of the AF spin arrangement explains the existence of the kinks in the field dependence of the measured torque, but does not explain why the kinks are only observed when the external field has a non-zero b-axis component. For example, no kink is found for the fields exactly perpendicular to the layers, θ = 0 • . One might doubt the existence of the SR transition at this field orientation. However, recent 13 C NMR experiments confirm that it does exist [29] : in these experiments performed on a 13 C-enriched crystal, the mentioned SR transition at T < T MI is seen as a dramatic change in the spectrum shape right at the same values and orientations of the magnetic field at which the kink in the field-dependent torque is observed, but also at H a * at H ≃ 7 T.
The apparent controversy can be resolved by taking into account that ac is the mirror plane of the crystal structure. Indeed, in this case the alignment of M and saturates to a constant value at high fields. The demagnetizing field is: 
